Introduction
Renal ammonia metabolism and transport are critically important for the regulation of systemic acid-base homeostasis [1] [2] [3] [4] [5] . Ammonia exists in two molecular forms, NH3 gas and NH4 + ion. It has traditionally been thought that NH3
crosses plasma membranes via lipid diffusion and that NH4 + requires specific transporter proteins [3] [4] [5] . Recent studies have provided new insights into the mechanisms of renal ammonia transport. The traditional theory of simple NH3 diffusion has been replaced by a regulated model of NH3 and NH4 + transport. Indeed, when dissolved in water, ammonia exists predominantly as the NH4 + ion with a pKa of about 9 under physiological conditions 6) . Moreover, there is an increasing amount of evidence that even move-ment of gaseous molecules such as CO2 and O2 requires specific proteins to accelerate the transport where the diffusion is too slow for physiological needs 7, 8) .
In the kidney, it has been known that at least two ammonia transporter proteins are expressed.
Discovery of ammonia transporter family from yeast and plant
Ammonia is an important molecular form of nitrogen, and mediates a key role in nitrogen nutrition for plants and soil microorganisms. It is therefore not surprising that botany-related research discovered the first ammonia-specific transporters. In 1994, simultaneous studies by Marini et al. 9) and Ninnemann et al. 10) cloned the Mep1 gene encoding an ammonium transporter in yeast, Saccharomyces cerevisiae and from plants, Amt1, respectively. Both Mep and Amt mediated high affinity ammonium transport activity when expressed in yeast deficient in endogenous ammonium transporters 9, 10) . 14) . In mammals, three ammonia transporter family members, RhAG/Rhag, RhBG/Rhbg, and RhCG/Rhcg have been identified so far.
Molecular structure of ammonia transporter family members
As Hidden Markov Modeling techniques predicted, the atomic structures of the ammonia transporter family showed that they are integral proteins crossing the membrane 11 times. Khademi et al. resolved the crystallographic structure of a bacterial ammonia transporter, AmtB, at 1.35 Å resolution and revealed that they form symmetric trimers in the membrane 15) . This report identified that AmtB has the same structure in both the absence and presence of ammonia or methylammonia, suggesting that it may be a channel rather than a transporter. However, Zheng et al. 16) reported that slow conformational changes were needed for . 
RhAG/Rhag is not expressed in the kidney
To date, no studies have reported that RhAG/Rhag is expressed in renal tubular epithelial cells. In particular,
there is no evidence of RhAG/Rhag expression in the kid-
.
Basolateral Rhbg is expressed in the mouse and rat kidney
In the mouse and rat kidney, Rhbg is expressed in the basolateral membrane throughout the distal tubular epithelium ( Fig. 1 ) [17] [18] [19] [20] [21] [22] . were negative for Rhbg. Subsequent studies also confirmed similar findings in the rat kidney.
RhBG is not expressed at detectable levels in the human kidney
The distribution pattern of RhBG has not been estab- . Whether this indicates a lack of RhBG protein expression or unexpected lack of antibody-antigen recognition is not to be determined definitively at present.
Species variations of RhCG/Rhcg in mammalian kidney
In the kidney, RhCG/Rhcg has a similar distribution as Rhbg along nephron segments. Although initial studies reported only apical immunolabeling 22, 24) , recent studies have yielded conflicting results regarding the membrane location of RhCG/Rhcg 17, 18, 20, 21, 25, 26) . Both apical and basolateral immunolabeling have been observed in the kidney of rat, human, and some mouse species (Fig. 2) . Kim et al. 26) performed extensive morphological studies using immunogold electron microscopy in Balb/c, C57BL/6, C3H, and Black Swiss 129 mice and showed both apical and basolateral Rhcg expression in all strains, although strain- dependent differences in the intensity of basolateral Rhcg immunolabel were apparent. Moreover, in the human kidney, RhCG expression is predominantly basolateral, with a lesser degree of apical immunoreactivity 25) . Basolateral
Rhcg expression increases in parallel with urine ammonia excretion in experimental animal models, suggesting that basolateral Rhcg may play a role in certain physiological conditions. The trafficking mechanisms of the same protein to both the apical and basolateral plasma membrane remain to be established.
Renal expression of Rh glycoproteins in experimental animal models
Chronic metabolic acidosis increases net acid excretion through urinary ammonia metabolism. Seshadri et al. 20) demonstrated that chronic HCl ingestion increased urinary ammonia excretion 25 fold and increased Rhcg protein expression. Rhcg expression was increased in the outer medulla and inner medulla but not altered in the cortex.
Chronic metabolic acidosis also altered the subcellular distribution of the ammonia transporter protein 21) . In both in- . In chronic cyclosporine nephropathy there was development of metabolic acidosis and an accompanying decrease in Rhcg expression 27) . Moreover, urinary ammonia excretion was inappropriately low, suggesting that the decreased Rhcg expression, by decreasing ammonia excretion, leads to the development of metabolic acidosis.
Genetic ablation of Rh glycoproteins in mice
Chambrey et al. 28) 
Foot notes
The abbreviation for human Rh A glycoprotein is RhAG and for non-human Rh A glycoprotein is Rhag. A similar nomenclature is used for Rh B glycoprotein and Rh C glycoprotein.
